The dynamic impact behavior of bare and carburized NiTiCu shape memory alloy was studied using a home-built impact testing system in this paper. The contact force and contact time between impactor and specimen at different impact energy were measured in real time by force sensor, and predicted formulae about parameters during impact process were presented. The results showed that the contact force and contact time of carburized specimens were less than these of bare specimens, and the absorbed energy of carburized specimens due to stress-induced martensitic transformation was higher than that of bare specimens. These results indicated that the carburization process could reduce contact force and material damage of NiTiCu alloy during impact process.
Introduction
It has been recognized that shape memory alloy possesses high resistance to erosion, [1] [2] [3] [4] [5] [6] and its erosion resistance can be improved apparently by surface modification processes, such as carburization and nitriding. [7] [8] [9] As a superficial destruction problem, erosion seems to be correlated with mechanical behavior of material surface against the impact of particle suspended in liquid flow. Thus, some researchers use instrumented micro and nano-indentation equipment to simulate the effect of particle on shape memory alloy surface during erosion process and investigate relationship between surface mechanical behavior of shape memory alloy and its erosion resistance. [10] [11] [12] [13] The results show that the pseudoelasticity can improve the mechanical behavior of shape memory alloy surface against particle impingement and thereby reduce erosion damage. However, the mechanical behavior of surface modified shape memory alloy has been reported little in the literature, and the static localized loading exerted by indentation equipment does not simulate properly the dynamic impact loading experienced by materials during erosion process. In present work, the mechanical behavior of bare and carburized NiTiCu specimens was investigated using a home-built impact testing system that can properly simulate the dynamic impact loading experienced by materials during erosion process.
Experimental
Commercial NiTiCu alloy rods with nominal composition of 40 at %Ni, 50 at %Ti and 10 at %Cu were obtained from General Research Institute for Non-Ferrous Metals, China. The specimens for impact experiment were spark cut from the rods with the size of 10 Â 10 Â 45 mm 3 . The carburization process was conducted at 1373 K in a gas mixture containing 2.0 vol %CH 4 with balance H 2 , corresponding to a carbon activity of a c ¼ 3. The carburization temperature was controlled to an accuracy of AE1 K. The bare and carburized NiTiCu specimens were annealed at 873 K in vacuum furnace for 1.8 ks followed by air-cooling to room temperature. The transformation behavior of specimens was determined by differential scanning calorimetry (DSC) using a NETZSCH 204F1 DSC with a heating and cooling rate of 10 K/min in the range from 223 to 373 K. The martensitic transformation start and finish temperatures (M s and M f ) and the reverse martensitic transformation start and finish temperatures (A s and A f ) of bare and carburized specimens were 309, 290, 307 and 324 K, respectively. The impact experiment temperature was 373 K. So, the bare and carburized NiTiCu specimens were in parent phase during impact experiment. All impact specimens were polished with 800 grit SiC paper to remove surface granule and then polished using 1 mm diamond paste to produce a constant surface roughness for testing.
The dynamic impact experiment was conducted using a home-built impact testing system (ITS). The ITS includes test bench, balance load, force sensor, hemispherical rigid impactor, sample clamp and digital signal processing system, as shown in Fig. 1 . The contact force and contact time during impact process were measured in real time by force sensor, as shown in Fig. 2(a) . With acquired contact force and contact time data, the instantaneous velocity and displacement of impactor can be expressed as:
SðtÞ ¼ Sð0Þ þ
Where VðtÞ is the instantaneous velocity of impactor, Vð0Þ is the initial velocity of impactor, PðtÞ is the instantaneous contact force, m is the representative mass of impactor, g is the acceleration due to gravity, E is the initial impact energy, I is the rotational inertia of pendulum system, L is the distance from hinge to impactor, and SðtÞ is the instantaneous displacement of impactor. During an impact test, the impactor is rigid enough to assume that its deformation is neglectable. So the depth of deformation pit on specimen surface can be regarded as equal to the displacement of impactor. Combining the experimental data and above formulae, the contact force-deformation depth curve of specimens can be achieved, as shown in Fig. 2(b) . In Fig. 2(b) , the area between unloading curve and x-axis represents the recoverable deformation energy, and the area enclosed by loading curve and unloading curve represents the absorbed energy during impact process. So, the parameters of impact experiment, such as maximum deformation depth, recoverable deformation energy and absorbed energy, can be determined by above formulae.
In this paper, the representative mass of impactor was 0.75 kg and the impact height ranged from 2 to 16 mm, which corresponds to different impact energy.
Results and Discussion
3.1 Effect of carburization on contact time and maximum deformation depth The relationship between contact time and impact height of bare and carburized specimens was shown in Fig. 3 . It was clearly seen that contact time of bare and carburized specimens increased with increasing impact height, and contact time of carburized specimens was less than contact time of bare specimens. Figure 4 shows the corresponding maximum deformation depth as a function of impact height, which was calculated from the experimental data using eqs. (1) and (2) . Here, please note that the displacement of impactor, SðtÞ, is equal to the depth of deformation pit on specimen surface, as mentioned in the section 2. It was found in Fig. 4 that the maximum deformation depth of carburized specimens was less than that of bare specimens. It is well known that the hardness of materials increases after carburization process. The surface hardness of carburized specimens is higher than the surface hardness of bare specimens. Hence, with the same impact height, namely the same initial impact energy, the contact time and maximum deformation depth of carburized specimens is less than these of bare specimens, as shown in Figs. 3 and 4. 3.2 Effect of carburization on maximum contact force and absorbed energy Figure 5 shows the relationship of maximum contact force and impact height of bare and carburized specimens. From  Fig. 5 , one can see that the maximum contact force of bare and carburized specimens increased with increasing impact height. The maximum contact force of carburized specimens was less than the maximum contact force of bare specimens, Impact height (h /mm) Fig. 4 The maximum deformation depth of bare and carburized NiTiCu specimens vs. impact height.
Influence of Carburization on Dynamic Impact Behavior of NiTiCu Alloyalthough the surface hardness of carburized specimens was higher than that of bare specimens. The anomalous relationship between maximum contact force and surface hardness can be rationalized by pseudoelasticity and its cushion effect to impact. The pseudoelasticity of NiTiCu alloy comes from its reversible stress-induced martensitic transformation. When external stress was higher than critical stress of stress-induced martensitic transformation, this transformation from parent phase to martensitic phase can be induced, accompanied by a recoverable strain. During pseudoelastic deformation stage, partial external energy is absorbed due to reversible stress-induced martensitic transformation. This rubber-like deformation behavior of NiTiCu alloy can cushion the impact and reduce contact force during impact process. In present work, when impact height was 2 and 4 mm, the bare and carburized specimens were in elastic deformation stage of parent phase. The impact energy was accommodated by elastic deformation and the cushion effect to impact was determined by recoverable elastic deformation energy. Thus, the maximum contact force of bare and carburized specimens were nearly identical. When the impact height increased, the stress caused by the falling impactor also increased. When the impact height was 8 and 16 mm, the stress-induced martensitic transformation started. From the experimental data and eqs. (1) and (2), the absorbed impact energy of bare and carburized specimens due to stress martensitic transformation was 0.116 J, 0.147 J at 8 mm, and 0.367 J, 0.397 J at 16 mm, respectively. The absorbed energy of carburized specimens due to stress-induced martensitic transformation at 8 and 16 mm was higher than that of bare specimens. Thus, the cushion effect to impact of carburized specimens due to reversible stress-induced martensitic transformation was higher than that of bare specimens. So, the maximum contact force of carburized specimens was less than that of bare specimens when impact height was 8 and 16 mm, as shown in Fig. 5 .
Conclusion
The carburization process has influence on the dynamic impact behavior of NiTiCu alloy. The contact time and maximum deformation depth of carburized NiTiCu specimens were less than these of bare NiTiCu specimens due to the higher surface hardness. The carburization process can increase the absorbed energy of NiTiCu specimens due to reversible stress-induced martensitic transformation. The increase of pseudoelastic deformation energy can reduce contact force and material damage of NiTiCu alloy during impact process. 
